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1. INTRODUCTION {#brb31676-sec-0005}
===============

The investigation of how the human fetus engages with the prenatal sensory, and social and cognitive world is at the core of an intrinsic disconnection in the social developmental sciences. Many have interpreted the demonstration of sensitivity to social and cognitive stimuli in neonates as support for innate origins of understanding or of rapid imprinting of a capacity at birth (DeCasper & Spence, [1986](#brb31676-bib-0006){ref-type="ref"}; Morton & Johnson, [1991](#brb31676-bib-0022){ref-type="ref"}). With this account, innate interpretations of neonatal capacities discount any effects of prenatal experience on development. Until the 1980s, the prenatal period was viewed as a "developmental limbo" (Hopkins & Johnson, [2005](#brb31676-bib-0013){ref-type="ref"}). Only after this period did the experimental study of developmental psychology begin to address the potential for prenatal origins of developmental capacities. Inherent barriers to delivering stimuli to the fetus in utero, especially in the visual domain, have hindered progress (Dunn, Reissland, & Reid, [2015](#brb31676-bib-0009){ref-type="ref"}). Some have attempted to overcome these issues by either measuring brain and heart rate responses to auditory stimuli and simple visual stimulations such as flashes of light (e.g., Eswaran, Lowery, Wilson, Murphy, & Preissl, [2005](#brb31676-bib-0010){ref-type="ref"}; Weikum, Oberlander, Hensch, & Werker, [2012](#brb31676-bib-0036){ref-type="ref"}; Zimmer et al., [1993](#brb31676-bib-0038){ref-type="ref"}) or measuring behavior at birth in response to auditory stimuli that have been first presented during the prenatal period (e.g., DeCasper & Spence, [1986](#brb31676-bib-0006){ref-type="ref"}). These pioneering studies have provided strong evidence for the development of neonatal capacities in utero; yet, there is a vast literature dedicated to neonatal behavioral responses to visual patterns and sounds that does not include comparable prenatal data. Consequently, we cannot fully understand the connection between, or the transition across, pre‐, neo‐, and postnatal development. As such, the trajectory of early developmental capacities has not been mapped and our understanding of early human development is compartmentalized into specific developmental stages.

In a previously published study (Reid et al., [2017](#brb31676-bib-0030){ref-type="ref"}), we have demonstrated that the 34‐week fetus turns the head to follow patterned visual stimuli projected through the uterine wall. Further, a preference was found for the fetus to follow a top‐heavy rather than inverted (bottom‐heavy) shape. This indicates that visual processing of stimuli is occurring in utero and may well be shaping perceptual preferences and capacities. The primary aim of that study was to record head movements using 4D ultrasound to view the face and observe head movements following the presentation of light conveying perceptual content. Fetal head movement is a gross motor movement which is overt and distinct. As such, it is relatively straightforward to code from the ultrasound recordings. When using this measure, however, fetal attention toward stimuli using measures of eye movement will only be intermittently detected.

Most studies on fetal eye movements are over 20 years old and were conducted once the efficacy of real‐time ultrasound in the imaging of the fetal orbit in utero had been demonstrated (e.g., Horimoto, Hepper, Shahidullah, & Koyanagi, [1993](#brb31676-bib-0014){ref-type="ref"}). The aim of these studies was generally to qualitatively classify fetal eye movements (Birnholz, [1981](#brb31676-bib-0004){ref-type="ref"}) and their relevance to neurological abnormalities. There are very few studies looking at the fetal response to light stimulation and those that have been conducted emphasize their relevance to clinical conditions (Kiuchi, Nagata, Ikeno, & Terakawa, [2000](#brb31676-bib-0017){ref-type="ref"}). However, limitations in image quality at 34 weeks gestational age can make the detection of eye movements difficult, and, for the majority of recordings, it is not possible to clearly observe eye movements as a separate phenomenon to head movements in 4D. In 2D ultrasound, however, the lens of the eye can be distinguished as white circles within the hypoechoic eyeball and eye movements can be relatively easily observed (Inoue et al., [1986](#brb31676-bib-0015){ref-type="ref"}). As the 4D image is produced by selecting an ideal 2D image within the region of interest, then 2D data are available for review when acquiring 4D ultrasound. This potentially allows for the quantification of eye movements in the human fetus in response to light. As these eye movements would be elicited by a stimulus, it could offer substantial insight into fetal development in utero that would otherwise not be possible were observational techniques to be employed.

Oculomotor control is likely dependent on the extraocular muscles, cranial nerves, and brainstem nuclei which develop at 7--9 weeks (Joseph, [2000](#brb31676-bib-0016){ref-type="ref"}). The first eye movements can be seen on 2D ultrasound at 14 weeks gestational age (Horimoto et al., [1993](#brb31676-bib-0014){ref-type="ref"}). At 26 weeks (post conception), the fetus has eyelids partially open, by 28 weeks the eyes are wide open and at 31 weeks the pupils can constrict, dilate, and detect light (Kiuchi et al., [2000](#brb31676-bib-0017){ref-type="ref"}; Moore, Persaud, & Torchia, [2011](#brb31676-bib-0021){ref-type="ref"}). All of the initial eye movements in early fetal development are likely to be reflexive, and rapid fetal eye movements may however be potentially representative of rapid eye movement (REM) sleep. Fetal eye movement activity has been recorded by ultrasound (Okawa et al., [2017](#brb31676-bib-0025){ref-type="ref"}) supporting the marked preponderance of REM sleep in the last trimester of pregnancy (Hobson, [2009](#brb31676-bib-0012){ref-type="ref"}). By 31 weeks, the fetal visual system is functional (Eswaran et al., [2005](#brb31676-bib-0010){ref-type="ref"}). Fetal fMRI studies have provided some insight into this by demonstrating that fetuses react to a constant intensity light source diffused through the maternal abdomen by increased activity in the frontal cortex (Fulford et al., [2003](#brb31676-bib-0011){ref-type="ref"}). A resting state fMRI study (36 weeks gestation) has linked spontaneous fetal eye movements with the corresponding functional networks for vision---thereby suggesting that the brain is being prepared for the processing of visual patterns (Schöpf et al., [2014](#brb31676-bib-0033){ref-type="ref"}). It has also been suggested that early visuomotor development is primarily driven by a gestational clock rather than early visual experience, though this is based on studies on preterm infants (\>33 weeks gestation) where the additional visual experience does not appear to influence development of visual acuity or binocular vision (Weinacht, Kind, Mönting, & Gottlob, [1999](#brb31676-bib-0037){ref-type="ref"}). Premature infants do show visual attention and fixation from 30 to 32 weeks, and from 34 weeks newborns can perform ocular motility, object fixation, and detection and tracking of a moving target (Ricci et al., [2010](#brb31676-bib-0032){ref-type="ref"}).

Consideration of the fetal environment is important, and although we have a limited understanding of the effect of the fetal physical environment on the development of the fetus there must be a relationship between the fetuses\' developing sensory abilities and the uterine environment (André, Henry, Lemasson, Hausberger, & Durier, [2018](#brb31676-bib-0003){ref-type="ref"}). It is certain that fetuses do develop in conditions that allow for visual experience before birth (Del Giudice, [2011](#brb31676-bib-0007){ref-type="ref"}). There is some continuity between fetal and neonatal behavior, as demonstrated by many observational studies (Almli, Ball, & Wheeler, [2001](#brb31676-bib-0001){ref-type="ref"}). In addition, there are no movements in fetuses which are not present in neonates (Stanojevic & Kurjak, [2008](#brb31676-bib-0034){ref-type="ref"}). The newborn is socially prepared to recognize human faces at birth, makes eye contact with others, and also responds to biological motion when contrasted with other forms of motion (Pitti, Kuniyoshi, Quoy, & Gaussier, [2013](#brb31676-bib-0028){ref-type="ref"}). It has been proposed that birth is not a fundamental shift in developmental capacities (DiPietro, Costigan, & Vogeltine, [2015](#brb31676-bib-0008){ref-type="ref"}), with the consequence that these information processing abilities may well be present from 31 weeks gestation. Fetal eye movements may therefore not just be reflexive or random but associated with a history of experience with the environment.

2. RESEARCH QUESTION {#brb31676-sec-0006}
====================

Can fetal eye movements be observed as a separate phenomenon to head movements when using the 2D component of 4D ultrasound? In the event that fetal eye movements are not spontaneous in nature in utero but responsive to visual stimuli, significantly more eye movements should be found in response to light than in baseline periods.

3. MATERIALS AND METHODS {#brb31676-sec-0007}
========================

3.1. Subjects {#brb31676-sec-0008}
-------------

One hundred and twenty‐six participants were recruited; however, 32 were excluded due to no image data obtained or corrupt files (*n* = 4), and this left 94 singleton fetuses of gestational age between 33 and 36 weeks (*M* = 239 days *SD* ± 4.7). All participants had a routine pregnancy with no known complications, and at the start of pregnancy a BMI of 30 or less. A higher BMI could cause image quality issues and/or problems with transmission of the light stimulus through the abdominal wall.

All pregnant women participating received written information prior to agreeing to take part in the study and gave informed written consent before participation. This study was approved by the NHS Health Research Authority National Research Ethics Service, the Lancaster University Research Ethics Committee, and the University of Cumbria Ethics Committee.

3.2. Image acquisition {#brb31676-sec-0009}
----------------------

Ultrasound scans were performed at Blackpool Victoria Hospital using a GE Healthcare Voluson E8 Expert BT13 advanced 4D HD live ultrasound scanner and 4D probe, model RM66, and at the University of Cumbria Medical Imaging Unit, where a GE Healthcare Voluson iBT07 4D live ultrasound scanner and 4D probe, model RAB4‐8‐RS, was used. The scans were recorded and saved to an external hard drive for off‐line analysis. All scanning was undertaken by appropriately qualified and experienced sonographers. Initially, routine fetal biometry measurements were collected to demonstrate normal growth and no anomalies. An additional measurement of the maternal abdominal thickness (Mean 30.5 mm, *SD* 12.8 mm, range 2.5--82.7 mm), from maternal skin to the uterine wall, was recorded to determine the optical power of the light stimulus used in the stimulus presentation to ensure each fetus was exposed to a constant level of light. The images were acquired with the goal of 4D images, but the data also included the capture of a simultaneous 2D image.

3.3. Stimulus {#brb31676-sec-0010}
-------------

The light source was a custom‐made semiconductor laser torch with an array of dots, emitting light at 650 nm. Depending on the mother\'s abdominal thickness, the light was calibrated at output optical powers of 0.5, 1, or 5 mW for thickness (*t*) below 1.5 cm, between 1.5 and 3 cm and above 3 cm. This ensured that a consistent level of light was delivered to the fetus irrespective of variations in maternal tissue thickness. Intrauterine illuminance (LI) was calculated using the equation:$$L_{I} = L_{E}10^{- {({0.0942 + t\frac{0.032 + 0.058r}{1 + r}})}}$$ modified from Del Giudice ([2011](#brb31676-bib-0007){ref-type="ref"}) to remove the clothing factor. LE, the external illuminance, was calculated using the output power of the light source, assuming a projected spot size diameter of 10 mm for a maternal tissue thickness of 30 mm, and correcting for the source wavelength of 650 nm, based on values in Stockman, Jägle, Pirzer, and Sharpe ([2008](#brb31676-bib-0035){ref-type="ref"}). An approximate muscle to fat ratio (*r*) of 2 was used, as in Del Giudice ([2011](#brb31676-bib-0007){ref-type="ref"}).

The light stimuli are all within the range of the fetal visual system, and a significantly lower level of luminance that the fetus may be exposed to on a bright day (Del Giudice, [2011](#brb31676-bib-0007){ref-type="ref"}).

3.4. Procedure {#brb31676-sec-0011}
--------------

The position of the fetus was determined while in 2D mode to ensure the light was presented toward the fetal head, to the side of the fetal face so that the light would be in the peripheral visual field of the fetus. The light stimulus was then moved across the abdomen at a constant rate of 1 cm/s for 5 s. This process was repeated 10 times and was then followed by a period of 3 min constant light (counterbalanced for order). There are consequently three conditions; (a) "Before," which is a 3 min baseline period immediately before any light was presented, (b) "During," which is the 3 min of constant light and 50 s of intermittent light presentation with the light moved over the abdomen, and (c) "After," which is an accumulative period of approximately 4 min after the light stimulus has been removed including the time period between intermittent light presentations.

3.5. Data coding {#brb31676-sec-0012}
----------------

The data presented here are a reanalysis of the dataset consisting of 39 studies presented in Reid et al. ([2017](#brb31676-bib-0030){ref-type="ref"}) with 55 fetuses additionally included now that the focus is on image quality related to visualization of the lens in 2D rather than the face in 4D. Each study was recorded and videos were analyzed using Windows media player. The number of head and eye movements was recorded for each condition.

Head movements were coded when the center position of the head moved either up or down or left or right and then returned to the starting head position. Eye movements were coded when the lens (the bright white dot on the 2D image (see Figure [1](#brb31676-fig-0001){ref-type="fig"}) moved a sufficient amount in any direction around the eyeball when the ultrasound probe was stationary. Head and eye movements were coded before, during, and after light stimulus presentation.

![The acoustic reflection from the lens of the eye can be seen in the 2D image on the left, with the corresponding 4D image on the right](BRB3-10-e01676-g001){#brb31676-fig-0001}

Twenty datasets were coded by two observers, and Pearson\'s correlation was performed to determine interrater agreement on head and eye movements with a positive correlation between coders for head movements (Pearson\'s *r* (20) = .583, *p* = .018) and for eye movements (Pearson\'s *r* (20) = .758, *p* = .001).

4. RESULTS {#brb31676-sec-0013}
==========

See Table [1](#brb31676-tbl-0001){ref-type="table"}.

###### 

Mean number of movements per condition

                   Head movement   Eye movement                     
  ---------------- --------------- -------------- ------ ---- ----- ------
  Before stimuli   53              0.6            0.09   17   0.2   0.05
  During stimuli   193             2.1            0.19   66   0.7   0.12
  After stimuli    78              0.8            0.13   60   0.6   0.08

A Wilcoxon signed‐rank test indicated significantly more head movements during light presentation than before (*Z* = −6.320, *p* \< .001) and after (*Z* = −5.712, *p* \< .001). In addition, significantly more eye movements were recorded during light presentation than before (*Z* = −3.716, *p* \< .001) and significantly more eye movements were recorded after light presentation than before (*Z* = −4.155, *p* \< .001). No further comparisons were found to be significant.
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5. DISCUSSION {#brb31676-sec-0014}
=============

A significantly greater number of eye movements were found during and after stimulus presentation than before presentation. The number of eye movements during and after stimulus presentation was similar, whereas there were no significant differences between head movements before and after, but a significant difference between head movements during and before, as well as during and after (both *p* \< .001). Thus, the light stimulus provoked head and eye movements, but after the light was withdrawn the head stopped moving---presumably because there was no stimulus to orient toward---yet the eyes continued to move. Continued eye movements may be due to the result of residual activation of the visual system or residual heightened arousal leading to continued lens movement. Yet an alternative interpretation of these data is that the fetus was detecting a change in the environment and responding to the light stimulus utilizing eye movements. This interpretation of the data suggests fetal awareness of the environment. A view present in the literature is that the fetus is actively maintained asleep during uterine life by endogenous substances such as intrauterine endocrine neuroinhibitors, that is, the fetus lacks "awareness" (Lagercrantz, [2016](#brb31676-bib-0018){ref-type="ref"}; Padilla & Lagercrantz, [2020](#brb31676-bib-0026){ref-type="ref"}). It has also been argued there is no evidence that the fetus lacks awareness or exists in a different conscious state (Platt, [2011](#brb31676-bib-0029){ref-type="ref"}). Separate to these issues, observational studies have classified fetal behavior after 32 weeks gestation using observational data (Nijhuis, [2003](#brb31676-bib-0024){ref-type="ref"}), resulting in four states (quiet sleep, active sleep, quiet awake, active awake) with the fetus seeming to be predominantly in "active sleep" (Brändle et al., [2015](#brb31676-bib-0005){ref-type="ref"}; Nijhuis, [2003](#brb31676-bib-0024){ref-type="ref"}; Pillai & James, [1990](#brb31676-bib-0027){ref-type="ref"}). A change in fetal state in response to a stimulus would suggest fetal capacity to detect change in the environment. This was explored by Kiuchi et al. ([2000](#brb31676-bib-0017){ref-type="ref"}) using a visual stimulus (photographic flash) and vibroacoustic stimulation. They found a high proportion (82%) of a positive response, as determined by an actocardiograph and ultrasonography, to the light stimulus when the fetus was in "active sleep" and "quiet awake." Response to such stimuli may however include nonwaking cortical arousal rather than an awake state or a transition between sleep states (Mellor, Diesch, Gunn, & Bennet, [2005](#brb31676-bib-0019){ref-type="ref"}).

It is important to acknowledge that as the fetus develops, a large proportion of time is spent in REM sleep (Mirmiran, Maas, & Ariagno, [2003](#brb31676-bib-0020){ref-type="ref"}). It is difficult to determine how much time is spent in REM sleep, but the development of non‐REM and REM eye movements has been assessed quantitatively using 2D ultrasound (Inoue et al., [1986](#brb31676-bib-0015){ref-type="ref"}), based on 1 min continuous observations. These demonstrated a rise in REM with gestational age. Unlike observational studies, the present study is comparing the systematic response to the onset and offset of externally presented stimuli, with the consequence that any noise from random eye movements are as likely at each time period. Differences in sleep states cannot, therefore, explain the differences seen between conditions in the present study.

Shifts of visual attention are guided reflexively or exogenously. Observational studies using 4D ultrasound, which are important in gaining an insight into fetal behavior, have indicated a level of anticipatory awareness in the fetus. Myowa‐Yamakoshi and Takeshita ([2006](#brb31676-bib-0023){ref-type="ref"}) observed hand and arm movements between 19 and 35 weeks of gestation finding fetuses opened their mouths before hands came into contact with the face. Reissland, Francis, Aydin, Mason, and Schaal ([2014](#brb31676-bib-0031){ref-type="ref"}) further investigated anticipatory touch behavior finding qualitative differences in mouth‐touch behavior from 24 to 36 weeks gestation. A developmental shift was reported from mouth openings following a mouth touch (reactive) in earlier weeks to mouth openings before mouth touch (anticipatory) in later weeks. Reid et al. ([2017](#brb31676-bib-0030){ref-type="ref"}) showed that at 34 weeks gestation the fetus is perceiving information in the womb which, when processed, will elicit an overt orienting response. This interpretation explains the eye and head movements during the stimulus presentation as reported in the present study. Our study also demonstrates that shifts of visual attention can be generated endogenously in the fetus. Amso and Johnson ([2006](#brb31676-bib-0002){ref-type="ref"}) ask the question "at what stage does an infant become an active participant in their own perceptual development?" Our data indicate that the fetus has this capacity before birth.

5.1. Limitations {#brb31676-sec-0015}
----------------

In this study, 2D data were generally acquired in the sagittal plane before switching to 4D, whereas the coronal or axial planes are often better suited for imaging of the orbits. In future studies, recording in these more appropriate planes may well increase observer reliability.

In our study, we did not assess fetal state as a way of differentiating those that were asleep or awake. Despite this, previous studies have suggested that the fetus is predominantly in "active sleep" and yet in the present study, presentation of stimuli still elicited a positive response. It is possible that the boundary between "active sleep" and "quiet awake" is not as clearly delineated as previously thought and the classification of behavioral states overlap due to a lack of behavioral measures to classify states. Undoubtedly, there will be proportion of our data where the fetus is in a sleep state. Despite this, significant differences are found without filtering the data.

6. CONCLUSION {#brb31676-sec-0016}
=============

Even when taking these limitations into account, these results have important implications for developmental theories surrounding the origins of newborn infant visual capacities. As experimental techniques using prenatal samples are improving, a consistent pattern is emerging that points toward prenatal environmental influence on the developing visual system. This casts doubt on the likelihood of "nativist only" origins of development.
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